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To manufacture proteins encoded in the mRNA, the ribosome must convert the
sequence of nucleotides inscribed on the mRNA to the sequence of amino acids that
comprise the corresponding protein (Fig. 1). That is, the ribosome must translate
the four-letter language of nucleic acids into the twenty-letter language of proteins.
The ribosome uses a suite of translating molecules (tRNAs) as a molecular look-up
table, allowing it to convert from mRNA to protein. Each tRNA carries an amino acid
corresponding to a three-nucleotide codon, which may appear in the sequence on
the mRNA. In addition, each tRNA has a three-nucleotide anticodon, cognate
(through Watson-Crick base pairing) to the corresponding codon in the mRNA. At
any given time during elongation, the ribosome exposes one codon in the message
to solution. The ribosome must then select only tRNAs with amino acids that
correspond to that codon, while rejecting all other tRNAs. Subsequently, the
ribosome must move itself along the message by exactly three nucleotides to
prepare for the next tRNA. The feat of discriminating between correct and incorrect
amino acids, and moving large ligands (~60 A in length from anticodon to elbow)
through the ribosome, from site to site with exquisite precision, has perplexed
researchers for almost half a century. Recent studies have been able to quantify the
stochastic nature of these processes 1-# and conclude that the ribosome is highly
dynamic in nature.

For elongation to occur, tRNAs must bind to the ribosome, move into the A site,
proceed to the P site, continue to the E site, and dissociate from the ribosome. > The
inner structure of the ribosome produces precise alighment of the tRNA with the
mRNA codon of the 30S (Fig. 2) and the peptidyl transferase center on the 50S (Fig.
3). 69 On the 50S in particular, the 3’-CCA end of the tRNA is surrounded by a dense
thicket of ribosomal RNA in the A site and the P site (Fig. 4). In the E site, nucleotides
of the 3’-CCA end are intercalated between two ribosomal nucleotides.1% 11 The
precise alignment of tRNA in each state presents a paradox: how can the tRNA be
surrounded by many specific ribosome interactions, yet move to two other
completely different states with equally complex interactions? The solution to this
paradox is that both the ribosome and the tRNA are extremely dynamic, as
evidenced by single-molecule FRET (smFRET), cryo electron microscopy (cryo-EM)
and X-ray crystallography data. 24 12-15 While smFRET provides excellent
information on the dynamics of the ribosome, it has low spatial resolution. Cryo-EM
and crystallographic studies provide higher resolution spatial information but
provide little information about dynamics. Molecular dynamics simulations help to
bridge the gap between single molecule dynamics experiments and structural
biology studies.

With regard to medical applications, the bacterial ribosome is a major target of
antibiotics. Approximately 50% of antibiotics used in US hospitals target the
ribosome. ¢ Although the molecular mechanism of several new antibiotic targets
remains obscure, the major classes affect elongation events including decoding,



peptide bond formation and/or translocation. 17-20 A major problem for national
health is multi-drug resistant bacteria. Mechanistic studies of the ribosome will help
to find new combination therapies that can be used to combat resistant bacteria.
Specifically, molecular dynamics simulations shed new light on the conformational
transitions between states that occur during protein synthesis. A future class of
antibiotics could be those that target transitions, rather than the major states of the
ribosome.

tRNA dynamics

The tRNA itself shows large fluctuations during translation. It binds to the ribosome
in a highly kinked configuration called the A/T state where the ‘A’ represents the
anticodon interacting with the 30S subunit A site and the ‘T’ represents the ternary
complex interacting with the 50S subunit at the GTPase activity center (Figure 5).2%
22 Single molecule FRET studies also show rapid tRNA fluctuations between several
intermediates occurring before accommodation, where the tRNA moves into the
fully bound ‘A/A’ position (anticodon interacting with the 30S A site and 3’-CCA end
interacting with the 50S A site). These include transitions between the initial
binding configuration, the codon-anticodon recognition configuration, the GTPase
activation configuration and the A/T state. This led to the conclusion that the
aminoacyl-tRNA samples a broad ensemble of configurations prior to
accommodation.?3

In addition to tRNA selection, cryo-EM reconstructions of intermediates during
translocation demonstrate tRNA flexibility. After accommodation and peptidyl
transferase, the tRNA in the A/A position moves to the A/P position (anticodon in
30S A site and 3’-CCA end in 50S P site), while the tRNA in the P/P position moves to
the P/E position (anticodon in the 30S P site and 3’-CCA end in the 50S E site). Cryo-
EM reconstructions show the tRNA to be in a curved configuration, albeit a curved
configuration which differs from the curved configuration required for the A/T
position. 24 These two curved configurations are suggestive of an energy storage-
release mechanism that allows the tRNA to propel itself through the ribosome. 2>
This enthalpic energy source would of course be combined with the source of gated
thermal fluctuations resulting from the thermal bath. 26

The motions of tRNA within the ribosome have been the subject of intense
investigation using both bulk and single-molecule techniques. smFRET studies
measuring time-dependent changes in the intermolecular distance between A- and
P-site tRNAs have proven particularly revealing.2 During tRNA selection aa-tRNA
was shown to enter the A site through reversible excursions between multiple
intermediate states. By analyzing the nature of these dynamics for both correct
(cognate) and incorrect substates (near-cognate), these dynamics were shown to
directly related to the fidelity mechanism. After peptide-bond formation, but prior
to translocation, A- and P-site tRNAs within the pre-translocation ribosome complex
were shown to undergo reversible exchange processes between kinetically and
structurally distinct states. Using structural modeling and traditional mutagenic
means, these configurations were shown to correspond to ‘Classical’ positions, in



which the 3’-CCA ends of A- and P-site tRNAs base pair with the A and P loop rRNA
elements at the PTC. In addition, two distinguishable hybrid configurations arising
from motions of each tRNA end were observed. Both hybrid configurations result
from the motion of the deacylated P-site tRNA towards the E site, where it adopts a
P/E configuration 2. Hybrid tRNA configurations, first demonstrated by Noller and
co-workers using chemical footprinting methods ,> are key intermediates in the
translocation process, lowering the activation barrier for translocation. Analytic
treatment of the smFRET data revealed that A- and P-site tRNA motions can occur
through independent or coupled processes. The rates of motions observed suggest
that A- and P-site tRNA motions entailed large-scale conformational events in the
ribosome.

Overall dynamics of the ribosome

In addition to the tRNA, the ribosome itself has been shown to have several dynamic
regions. We refer to motion of a region of a subunit with respect to the same subunit
as intrasubunit motion. We refer to the motion of the two subunits with respect to
each other as intersubunit motion.?” The most obvious motion performed by the
ribosome is the so-called ‘ratchet-like’ pivoting of the 30S subunit with respect to
the 50S subunit (Figure 6). 27 Cryo-EM reconstructions of the 70S ribosome in the
presence of EF-G showed a substantial rotation of the 30S relative to its initiator
configuration upon EF-G binding. 27 [t was previously thought that this motion
causes translocation of the tRNA and mRNA through the ribosome. Recent FRET
experiments have shown that ratchet-like fluctuations occur at equilibrium in
absence of EF-G. 28 EF-G acts to trap the ribosome in the ratcheted position.

Several intrasubunit motions have been observed within the small subunit. The
decoding center of the small subunit contains two universally conserved
nucleotides: A1492 and A1493. These have been shown to be dynamic in NMR
studies??, fluorescence studies3? and are observed to be disordered in x-ray
crystallography systems. 8 31

The head domain of the small subunit has been shown to exist in multiple
conformations 1432 and also to be dynamic (Figure 7).14:28:33 Cate and co-workers
first observed in alternative crystal forms that the head of the small subunit was
rotated around a neck region with respect to its body. Spahn and co-workers have
shown that this rotation is critical for translocation. 32 In particular, cryo-EM
reconstructions of EF-G bound ribosomes have recently shown that two EF-G bound
populations exist: one with the 30S body pivoted with respect to the 50S (ratcheted)
and a second with the 30S body pivoted and the 30S head rotated (head swiveled).
The study shows that while ratchet motion is necessary for translocation, the
majority of codon-anticodon translocation movement occurs during 30S head
swivel, an approximately orthogonal motion to the ‘ratchet-like’ pivot of the 30S
with respect to the 50S. FRET experiments containing donor-acceptor FRET pairs on
small subunit proteins located on the head and body show that the head undergoes
significant fluctuations in solution?8: 33,



The mRNA must also be dynamic, although this is difficult to measure. Clearly the
mRNA scans the 30S for the correct initiation configuration. The mRNA also moves
along the 30S during translocation. It is known that the mRNA is steadied by not
only the tRNA anticodons, but also several universally conserved nucleotides on the
30S (e.g., G530, A1492 and A1493). However, it is not known what happens to this
configuration during translocation and during initiation.

The 50S has been shown to undergo large intrasubunit conformational changes. The
L1 stalk and L7/L12 stalk have been captured in two distinct configurations: factor
bound and factor free. 273 Upon ternary complex binding, the L7 /L12 stalk moves
towards the central protuberance. Upon EF-G binding and ratcheting, the L1 stalk
moves towards the central protuberance. Single molecule FRET studies have shown
the L1 stalk to undergo enormous and rapid fluctuations that are independent of
tRNA fluctuations (Figure 8). 3>-37 However, upon EF-G binding, these fluctuations
tend to be more synchronized. Because the L1 stalk interacts with the P/E position
and E/E position tRNA4, it is thought to be involved with E site tRNA dissociation.
Single molecule studies also show the L7 /L12 stalk to fluctuate rapidly.

The L7/L12 protein complex itself is thought to be the most dynamic region of the
ribosome. This consists of a long alpha helix (L10) bolstered by several L7/L12 NTD
dimers.3% 3% Each L7 /L12 NTD domain is connected to its CTD by a long disordered
flexible linker. These allow the CTD to undergo tremendous large fluctuations which
may aid in capturing translation factors in a fly-casting mechanism.4°

Molecular dynamics simulations and other computational studies of the
ribosome

Rapid kinetics, single molecule FRET, x-ray crystallography and cryo-EM have
provided an excellent glimpse into the dynamics of the ribosome. To obtain the free
energy landscape of the ribosome and a more complete understanding of
elongation, this large body of experiments must be integrated into a coherent
picture. Molecular dynamics simulation is an excellent tool to provide a theoretical
framework to ground interpretation of experimental results.

By labeling strategic regions of the ribosome, rapid kinetics experiments have been
able to isolate the various substeps of elongation, giving us the framework for how
translation procedes.#! Single molecule FRET experiments use donor-acceptor label
pairs to obtain time-dependent distance constraints on specific conformational
changes. 4 X-ray crystallography structures produce high-resolution atomic models
of the ribosome in its resting states (classical, EF-G bound, and EF-Tu bound).”: 10; 14
42-44 Three-dimensional cryo-EM reconstructions all us to construct atomic models
of the ribosome in a wide variety of functional states.12 15 32 Molecular dynamics

simulations integrate the above data into a single coherent mechanistic framework.
45

Modeling efforts*é: 47 and advances in high-performance computing have produced
an era in which molecular modeling and simulations can clarify the relationship



between static ribosome structures,3% 48 structural fluctuations about these local
energetic minima,*? 50 transitions between minima, and ribosome function. 26; 51; 52
Molecular dynamics simulations and modeling studies have explored the decoding
center 53-56, jsolated tRNA 57 and the inner core of the 30S subunit 58 59, kink turnsé®
61 the ribosome tunnel,®? and drug binding. 63-6> Adaptive-mesh refinement
Poisson-Boltzmann studies based on phosphate/C-alpha structures have examined
the electrostatic potential of the large and small subunits ¢6. Coarse-grained normal
mode studies have investigated the motions of the ribosome within the
approximations of the Gaussian network model 4% 66;67_ Real-space refinement has
been combined with cryo-EM structures to study the beginning and end states of a
conformational change that occurs during translocation 8. Explicit solvent
molecular dynamics simulations have previously helped elucidate functional
mechanisms of biomolecular systems °73 and have been validated with
experiments 74, Large-scale supercomputers, together with the GROMACS
program,’> have enabled us to simulate the ribosome in explicit solvent (3.2x106
atoms) for an aggregate sampling of > 2 microseconds (~2100 ns), producing the
largest simulation of a biomolecular complex to date, 4> more than 20-fold larger
than previous efforts, which simulated the ribosome for 85 ns 7¢ and a small portion
(1.25x105 atoms) for 2.1 microseconds. 77

The petaFlop barrier was broken several years ago by the Los Alamos RoadRunner
machine. Even with such fast supercomputers, a full simulation of the ribosome in
explicit solvent for physiological time scales (~ 100 ms - 1 s ) is currently not
possible. Using current molecular dynamics algorithms, we estimate this would
require a ~ 103 - 104 fold speed-up or a 1 - 10 exaFlop machine, which may be
available between 2019-2024 according to DOE SCIDAC projections. To examine
short time scale stability of hydrogen bonds, we performed standard explicit solvent
molecular dynamics simulations of localized regions of the ribosome. 78 To study
localized conformational changes we have used exhaustive sampling techniques
such as replica exchange explicit solvent molecular dynamics. 64 7980 To study the
structural stability and to obtain a baseline for validation of reduced force field
techniques, we performed multiple extensive explicit solvent simulations. Finally to
study large-scale conformational changes we have used a variety of techniques. As a
first step, we used targeted molecular dynamics simulations in explicit solvent to
obtain a first look at steric interactions occurring during the large-scale
conformational change. These results have been validated experimentally. 8182 Next,
we used a reduced-potential method, called structure-based simulation. 26; 83-85
These unrestrained simulations allow us to observe spontaneous large-scale
conformational changes with an estimated total sampling of ~ 200 ms. To validate,
we compare against single molecule FRET, cryo-EM, and X-ray crystallography B-
factors.

About a decade ago, we performed a limited explicit solvent study of the fidelity on
the ribosome, simulating the tRNA-mRNA-ribosome decoding center complex for
ultrafast time scales (~ 10 ns). This study was published several years later. 78 We
were able to observe stable cognate (correct) codon-anticodon interactions and



unstable near-cognate (incorrect) codon-anticodon interactions. We concluded that
the decoding bases (G530, A1492 and A1493) measure the geometry of the codon-
anticodon minihelix minor groove and test the stability of the codon-anticodon
interaction. We emphasize that it is impossible to obtain accurate free energies from
such short simulations; however this first functional study of the ribosome using
molecular dynamics established the foundation for more extensive studies.

We have shown recently that at least 1 microsecond of replica sampling is required
for exhaustive sampling of the decoding helix. ¢4 The 1 microsecond of replica
sampling amounts to >> 5 microseconds of standard molecular dynamics.8¢ Without
exhaustive sampling, the entropic component of the free energy cannot be
calculated accurately. In this study, the flipping of nucleotides A1492 and A1493
was studied. Our exhaustive sampling molecular dynamics simulations show that
these nucleotides flip into and out of helix 44 of the small subunit when no ligands
are bound to the small subunit. Several thousand flips occurred during our
simulation. We estimate the barrier in free energy for base flipping of these
nucleotides to be on the order of a few kcal/Mol, suggesting that the nucleotides
continuously flip until ligands bind, trapping them in the flipped out
configuration.t4 80 We note that the study did not include the large subunit. The 50S
may have a stabilizing role on A1492 and A1493.

The decoding center is the target of aminoglycoside antibiotics. 18 2% 87 These
antibiotics bind inside helix 44, preventing A1492 and A1493 from residing in their
flipped in conformation. We have shown that rather than an induced-fit scenario,
where the drug forces these nucleotides to flip out of their helix, a stochastic gating
scenario is more likely. Here, the nucleotides continuously flip in and out. Drug
binding traps the nucleotides in their flipped-out state. We note that upon correct
tRNA binding, an intricate hydrogen bond network exists between G530, A1492,
A1493, the tRNA anticodon, and the mRNA codon. Because G530, A1492 and A1493
sense the Watson-Crick geometry of the codon-anticodon interaction, these
nucleotides act as a molecular reading head. Aminoglycosides effectively ‘jam’ this
reading head in the accepting configuration with A1492 and A1493 flipped out of
their helix, allowing them to interact productively with the tRNA leading to
acceptance of the tRNA into the ribosome (‘accommodation’). Thus, the
aminoglycoside interaction leads to the incorporation of incorrect amino acids into
the nascent protein, producing widespread errors in proteins manufactured by the
aminoglycoside-bound ribosome. This fidelity phenotype is known as misreading.

To investigate large-scale conformational changes, we first turned to
accommodation, the large-scale conformational change involved in tRNA movement
through the ribosome. During this conformational change, the aminoacyl-tRNA
moves from the A/T state to the fully bound A/A state. This 704 movement requires
the kinked anticodon arm to relax to its native, linear conformation. As a first step,
in 2002-2003, we performed ultrafast explicit solvent targeted molecular dynamics
simulations, with a total sampling of ~20 ns. These were published in 2005.52 The
simulations revealed several important features of accommodation that were not



previously identified. Because the 3’-CCA end is single stranded, it is thought to be
extremely flexible. Our study showed explicitly that flexibility of the 3’-CCA end is
required for accommodation. 52 In particular, the simulation revealed that many
steric barriers are present in the accommodation pathway. The 3’-CCA end must be
extremely flexible to move from the A/T state into the A/A state. In particular, the
3’-CCA end must navigate the intricate and universally conserved accommodation
corridor consisting of large subunit rRNA helices H89, H90 and H92. The
accommodation corridor was identified by our simulations.>? This could not be
identified from X-ray crystallography or cryo-EM since these methods do not
examine the transition between the A/T and the A/A positions.

In our most recent study, we have simulated spontaneous accommodation events.
Here, a structure-based simulation approach was used.26 83-85 In particular, a
potential defined by the x-ray structure of the ribosome with the aminoacyl-tRNA
occupying the A/A state was used. Much like an all-atom Go-model simulation, the
tRNA was started in the A/T position. The tRNA and ribosome were then allowed to
fluctuate freely under the A/A based potential. Over 1000 accommodation
simulations were performed with an estimated total sampling on the order of
hundreds of milliseconds. The tRNA was observed to be highly dynamic,
undergoing reversible excursions from the A/T state towards the A/A state and
back. These same reversible excursions were also observed in single molecule FRET
studies of accommodation.?® We found that H89 must fluctuate to make way for the
accommodating tRNA.26 The study also shows that the 3’-CCA end is so disordered
that the 3’-CCA end itself presents an entropic barrier to accommodation.

To further validate our structure-based potential, extensive multiple explicit solvent
simulations were performed with total sampling of ~2100 ns. 4> Simulations were
performed starting the tRNA in the A/A state and also starting the tRNA in the A/T
state. The configurational space sampled in the A/A state explicit solvent simulation
was similar to the A/A state basin sampled by the structure-based simulation.
Similar results were achieved for the A/T state simulations. We also note that our
explicit solvent targeted molecular dynamics simulations sampled regions well
within the configurational space defined by the structure-based accommodation
study. Average fluctuations of the explicit solvent and structure-based simulations
were similar. Both simulations showed agreement with X-ray B-factors, 43 with the
exception of the 508 stalks, which have been shown to undergo large amplitude
fluctuations by single molecule FRET. 35 36 These fluctuations cannot be captured by
X-ray crystallography.

Finally, we used the structure-based method to investigate L1 stalk fluctuations. We
found that enormous fluctuations both in displacement and twist, consistent with
the large fluctuations observed by single molecule FRET.

In the case of accommodation, our structure-based simulations display a wide
variety of accommodation pathways. The shape of the pathway distribution is
determined both by the intrinsic properties of the tRNA and by fluctuations of the
ribosome. Furthermore, both the structure-based and explicit solvent simulations



show large ensembles of configurations representing the A/A and A/T positions,
consistent with single molecule FRET experiments. Our study reveals that large
amplitude reversible excursions of the aminoacyl-tRNA combined with stochastic
gating of helix 89 allow for accommodation. For accommodation to occur, the
entropic barrier introduced by the 3’-CCA end must be over come by (1) the
enthalpic minima of the peptidyl transferase center, which includes a base pair
between the 3’-CCA end and a ribosomal nucleotide, (2) the enthalpic minima of the
anticodon arm, which releases energy stored during ternary complex binding, and
(3) an entropic ‘kick’ produced by the presence of EF-Tu, which prevents the tRNA
from escaping the ribosome. It should be emphasized that while extremely flexible
components introduce entropic barriers, they also soften the system relative to a
molecular machine consisting of more rigid components. This softening may act to
fine-tune the free energy landscape. Overall, simulations have established several
principles important for ribosome dynamics: multiple pathways, stochastic gating,
large amplitude reversible excursions, and entropic barriers.

We suspect that similar principles operate during translocation. However, in this
case, the energy landscape seen by the tRNA is itself dynamic: pivoting of the 30S
body with respect to the 50S, swiveling of the 30S head and the opening and closing
of various gates will significantly alter the barriers in a dynamic fashion. Recent
single molecule FRET experiments suggest that each component of the ribosome
fluctuates independently and at different time scales. It is only during the rare
moments that these fluctuations occur simultaneously in the proper directions that
translocation may occur.3% 3¢ Such synchronization is enhanced by the presence of
EF-G.

Beginning with energetics, the thermal bath in the environment surrounding the
ribosome contains enough energy to move the tRNAs through the ribosome. In the
case of factor-free translation, the only chemical reaction occurring is the peptidyl
transferase reaction. Thermal fluctuations provide the energy to overcome enthalpic
and entropic barriers involved in moving the aminoacyl-tRNA from solution to the
accommodated A/A position. Once the peptidyl transferase reaction is complete, the
system reaches the point of no return, where thermal fluctuations move the
deacylated tRNA through the hybrid state to the exit site. The structure of the
ribosome carefully controls this movement allowing the new peptidyl-tRNA to move
by exactly one codon. Finally thermal fluctuations allow the deacylated tRNA to exit
the ribosome to its entropically favorable state - in solution away from the
ribosome. The introduction of factors serves to make this process more efficient.



Figure Captions

Figure 1. Overview of ribosome structure determined by Yusupov and co-workers.
Blue, small subunit 16S rRNA. Cyan, small subunit proteins. Magenta, large subunit
23S rRNA. Pink, large subunit proteins. White, large subunit 5S rRNA. Yellow,
aminoacyl-tRNA. Red, peptidyl-tRNA.




Figure 2. 30S small ribosomal subunit.




Figure 3. 50S large ribosomal subunit
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Figure 4. tRNA binding sites on small subunit. Aminoacyl tRNA (yellow) bound to A
site. Peptidyl tRNA (red) bound to P site. Exit tRNA (orange) bound to E site.




Figure 5. Dynamics of the aminoacyl-tRNA during tRNA selection (accommodation
step) in all-atom structure-based simulations. (a) Before accommodation. (b) After
accommodation.




Figure 6. Dynamic regions of the ribosome: pivoting of the 30S with respect to the
50S.




Figure 7. Dynamics of the 30S head swivel in all-atom structure-based simulations.




Figure 8. Dynamics of the L1 stalk in all-atom structure-based simulations. Blue and
yellow display snapshots of ribosome at different times during simulation.
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